Abstract-The performance of collection efficiency of cylindrical inlet-type cyclone separator for relatively low solid loading rate conditions is reported. Cyclone separators usually operate under high solid loading conditions, but the demand of air pollution control at outdoor densely polluting activities as construction sites and application of power generators, it is advantageous to use cyclone separators to control outdoor air pollution by cyclone separators. Grade efficiencies and overall collection efficiencies have been investigated from 0.008g/m 3 to 0.2g/m 3 solid loading rates at 5m/s and 10m/s inlet velocity conditions. Experimental data were compared with two theoretical predictions based on empirical and mechanistic relationships, developed by Smolik and Muschelknautz. To achieve a better understanding of particle separation efficiency, particle cut size diameter for selected loading rate were considered with theoretical approached by Muschelknautz model. Both experimental and theoretical results showed that with the increase of solid loading rate and inlet velocity, the particle collection efficiency of cyclone separator increases.
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cone tip/hopper diameter C 1 given inlet solid concentration C 2 any inlet solid concentration D body diameter D 50 particle controlling industries as, air pollution control, aerosol sampling and particulate matter control, due to their simplicity of design, inexpensive manufacturing cost, ease in maintenance and adaptability to a wide range of operating conditions [1] . Despite of simplicity and other operational advantages, well designed cyclone separators can be efficiently remove particles larger than 2 micrometer in size [2] .
Cyclone separators can be classified according to their body shape, inlet configuration, and inlet/outlet flow direction [3] . Most popular cyclone separator type is reversed flow type which consists of a slot type inlet and a conical-body (cylinder-on-cone). Relevant to the literature, many studies (e.g., [4] and [5] ) have been performed theoretical, experimental and lately computational fluid dynamic (CFD) simulations to understand the performance of slot type inlet cyclone separators by considering geometry and operational conditions. These researches were also involved to develop design parameters and relationships in order to improve and estimate collection efficiency. To increase the performance of cyclone separator, knowledge based on effect of particle solid loading rate is one of main parameter for any type of cyclone design.
Earliest study [6] , have been stated that, there could be a small increment of collection efficiency with the increase of solid loading under the assumption of coarser particles carry finer particles to cyclone wall region. But a survey of experimental results from literature considering a loading range of 2.3 to 228.8g/m 3 , has showed a increase of collection efficiency with the increase of solid loading rate [7] (as reported by [8] ). For coarse range particle application is observed the same behavior for particle loading rate up to 100g/m 3 [9] . Similar observation is also reported by [10] for particle loading rates up to 235.2 g/m 3 , conducted under different inlet velocity and temperature conditions. This study further observed an increment of the collection efficiency with increase of temperature. Rising solid loading rate from 4.98g/m 3 to 130.8g/m 3 at three different inlet velocity conditions, noticed a dramatic increment of overall collection efficiency at low velocity conditions [11] , [12] . Considering extremely low particle loading rates, from 5mg to 20000mg, overall and grade efficiency curves were studied by [8] , for small scale cyclone separators and observed a similar increment behavior for low to high inlet velocity conditions. In addition, this study indicated that at low solid loading conditions, particle agglomeration is significant in particle separation. Although many of literature show a increase of overall collection efficiency with increase of solid loading rate, a reduction of collection efficiency by solid loading rate increment from 1.69g/m 3 to 6.72g/m 3 was observed by [13] . Similar trend was observed for the study [14] which considered high solid loading conditions(0.84 kg/m 3 -24.6 kg/m 3 ) and results showed that the collection efficiency increases up to a certain maxima and then starts to decrease.
An unchangeable behavior of grade efficiency curves by changing the solid loading rate, although overall efficiency increased was investigated by [15] . Numerical simulations conducted by [16] - [18] , clearly described the decrease of swirling capacity of the turbulent flow inside the cyclone separator with the solid loading. Contradiction to experimental studies by [10] , numerical investigations conducted by [18] has been reported a weaken of collection efficiency with increase of temperature.
Although many researchers have been employed to understand the characteristics of efficiency of cyclone separators most of them were considered relatively higher loading rates. But cyclone separators can be applied to low solid loading rates too. Hence, the behavior of collection efficiency with low solid loading rate has been studied in present study. While there are many investigations related to slot type cyclone separators, no studies found in literature based on cylindrical inlet type cyclone separators which are also used in industrial applications. Therefore, present study focus on particle loading rate effect on collection efficiency of cyclone separator for an industrially use cylindrical inlet type cyclone separator.
II. EXPERIMENT
The geometric parameters of studied cyclone separator are given in Fig. 1 and Table I . Generally, there are standard ratios for cyclone separator geometry, with respect to the cyclone body diameter for slot type cyclone separators by the literature. But the cylindrical inlet cyclone separator used in this study was an industrial cyclone separator without such a specific ratio dependency with body diameter. The experiments were performed for two inlet velocity conditions, 5m/s and 10m/s. The air flow was generated by using a vacuum at the cyclone separator outlet. The vacuum was consisted with a bag filter to arrest particles in the exit air flow. Particle laden air was entered into cyclone separator through an extended inlet of 800mm of length to verify a fully developed flow at the real entrance of cyclone separator. Arizona Test dust (Powder Technology, INC), having density of 2650 kg/m 3 was used as solid phase. The particle size distribution of test dust was 0.742-18 micrometer with a standard deviation of 1.762 micrometer. Particles were introduced to air flow at the entrance of extended inlet to achieve a well mixed particle laden flow.
The collected solid mass by the cyclone separator was measured by weighting the solid mass collected to the bottom hopper. To get the fractional efficiency curves, Fluke particle counter (Fluke 983, FLUKE Inc.) was used. For the higher solid concentrations, Fluke particle counter was not capable to measure. So that two volumes of flow extracted from the inlet and outlet by using 1mm inlet diameter sampling probes and suction tubes (VRL 50-080108, Nihon Pisco), under the pressure of 100 kPa and extracted flows were diluted by supplying additional air by air blowers. It is assumed that the particle concentrations of extracted volumes were proportional to particle concentrations of inlet and outlet air flows. Each experiment was conducted for 15min. overall and fractional efficiencies for particle loading rates of 0.008 -0.2 g/m 3 were measured for two considered inlet velocity conditions.
III. RESULTS
The overall collection efficiency is defined as, in a time interval the ratio between the mass of solids collected by the cyclone and the mass flow rate of incoming solids as indicated in (1) . Measured overall collection efficiencies for the cylindrical type inlet cyclone separator are shown in Fig. 2 . It is clearly pictured the significance of inlet velocity on overall collection efficiency. The increase of inlet velocity directs to higher collection efficiency, regardless of solid loading rate.
The consequence of increasing solid loading rate to collection efficiency indicates that overall collection efficiency increases with the raise of solid loading. To obtain grade efficiency curves, percentage of efficiency relates to a given particle diameter was considered. Relevant to measuring number concentrations of particles by Fluke 983, the deviation of each particle channel is quite larger, so for all observations, relevant particle size channels were considered other than assuming specific particle diameters. For selected solid loading rates, grade efficiency curves are shown in Fig. 3 . Grade efficiency curves are important to determine the cut size diameter, D 50 of the cyclone separator, which is defined as particle size having a 50% of collection efficiency and all particles having larger diameters than this value will be collected with a fraction of above 50%. From  Fig. 3 , it can be seen that the collection fractions of larger particles are higher than smaller and also noticeable, at low velocity conditions, the collection efficiency of larger particles also shows low collection efficiency. The theoretical predictions of cyclone separator efficiency can be compared with experimental observations to get a better knowledge of relationships between theories and experiments. There are many theoretical approaches to predict cyclone separator efficiency (e.g., [4] , [19] ), but most of them have not deemed about the influence of solid loading rate except by two empirical models were proposed by Smolik (quoted by Svarovsky [20] ) and Zenz [21] respectively, which were developed based on knowledge of experimental results. Graphical relationship proposed by Zenz cannot be applied in this study as it can only predict collection efficiencies for solid loading concentrations larger than 2.29g/m 3 . The empirical relationship shown in (2) which was developed by Smolik, predicts overall collection efficiencies for any given particle loading rate with respect to a known particle loading rate and collection efficiency.
The predictions by Smolik empirical relationship with experiment results are shown in Fig. 4 . To generate Smolik prediction curves, experimental results for 0.1 g/m 3 were used as known solid concentration and efficiency. Fig. 4 demonstrates that Smolik method under predicts the cyclone efficiency for larger solid concentrations than known value for initial concentration but over predicts efficiency smaller than known initial value. But for lower solid loadings than 0.1g/m 3 in 5m/s velocity condition, Smolik prediction is well agreed with the experimental data. Muschelknautz [22] , [23] proposed a mechanistic analysis to predict both cut size diameter and overall collection efficiency of a given cyclone separator. This method is also used to predict collection efficiencies in present study and graphical views of grade efficiency curves for two velocity conditions are shown in Fig. 5 and Fig. 6 . Even though theoretical predictions show in particle size channel basis, for calculations of Muschelknautz model, mean values of each particle channel was considered. To obtain well matched data with theory and experimental, the modification factor (x fact ) for cut size diameter defined in this model was mismatched with experimental values. Value for x fact is normally falls in to the range of 0.9-1.4 according to Muschelknautz model. But in present study, it was considered in a range of 0.16-0.9. This contradiction may be due to the assumptions of collection efficiency. In Muschelknautz model assumed collection efficiency ranged in 90%-99%, though this study has overall collection efficiencies which are generally less than 90%. Generally, theoretical predictions by Muschelknautz model are underestimated the grade efficiency values for larger solid loading conditions and for extremely low loading condition the predictions were agreed with experimental investigations. Moreover, Muschelknautz model shows a "S"-shape pattern for grade efficiency curves, which is not similar to the pattern in experimental calculations, but the general increment trend is similar. Table II shows the theoretical and experimental cut size diameter, D 50 for considered flow rates.
It is shown that for low mass loading conditions, experimental and Muschelknautz model predictions are well matches, but for higher solid loading rate (0.152g/m 3 at 10m/s inlet velocity and 0.1080 g/m 3 and 0.1699g/m 3 at 5m/s inlet velocity), this model over predicts the overall collection efficiency.
Due to data visualization is shown by particle size channels in experiment, it is difficult to conclude about cut size diameter by theory. But considering particle size channels, theoretical values are fallen in to same particle channels.
Overall collection efficiencies by Muschelknautz model comparing with experimental values are shown in Table III . 
IV. CONCLUSION
The collection efficiency under low particle loading rates has been investigated in present study for cylindrical inlet type cyclone separator. Generally, incremental behavior of collection efficiency with solid loading rate was pictured in all cases. The study will be extended to investigate particle loading effects at higher loading rates and the effects of extended hopper tube for the collection efficiency. 
